Abstract-This paper presents the architectural design of a 300 GHz transceiver system that can be used to explore the high speed communication opportunities offered by the Terahertz (THz) band for advanced applications of Internet-of-Things (IoT). We use low cost industry ready components to prepare a fully customizable THz band communication system that provides a bandwidth of 20 GHz that is easily extendable up to 40 GHz. Component parameters are carefully observed and used in simulations to predict the system performance while the compatibility of different components is ensured to produce a reliable design. Our results show that the receiver provides a conversion gain of 51 dB with a noise figure (NF) of 9.56 dB to achieve a data rate of 90.31 Gbps at an operation range of 2 meters, which is suitable for high speed indoor IoT nodes. The flexible design of the transceiver provides groundwork for further research efforts in 5G IoT applications and pushing boundaries of throughputs to the order of terabits per second (Tbps).
I. INTRODUCTION
The Internet is now ubiquitous and widely used for applications like information transfer, social networking, banking and online shopping. Emerging applications of IoT require information sharing technologies that connect smart machines to the Internet along with people. Such applications of IoT are expected to transform our world from household life to modern businesses [1] . Many IoT applications such as video surveillance, ultra-high-definition UHD displays and wireless back haul demand high data rates that are expected to increase further. In order to develop the technologies to satisfy consumer needs, 5G wireless networks need to realize data rates reaching terabits per second (Tbps) [2] . The 60 GHz spectrum is expected to increase data rates up to 6 Gbps [3] , however, the available spectrum around this frequency is limited to only 9 GHz, which may not be able to completely satisfy the high data rate demands. Therefore, there is a lot of interest in exploring THz band communications (0.3 -10 THz). This motivates the implementation of transmission and reception frontends for THz band that operate above 300 GHz.
Higher frequencies can support higher data rates, however, being highly directional, they are more easily blocked by obstacles on their path. This provides a unique set of challenges for THz band communications. To overcome these problems, THz band equipment is constantly improving performance with current research activities. The experimental THz band equipment can be categorized mainly into two groups depending on the approach for generating THz band signals. In a top-down approach, photonics technology is used to achieve communication that is translated from electronic to optical frequencies, while in a bottom-up approach, the operating frequency of electronics components is increased to the order of THz [4] . The bottom-up approach is a preferred course for consumer designs because optical components are more expensive than silicon components used in the bottom-up approach. Apart from cost, the size of siliconbased components is also more compact. Commonly used THz band experimental setups are based on bottom-up approach involving subharmonic Schottky diode mixers [5] , [6] .
The bottleneck of THz band communication is the technology supporting it, and thus, there is an enormous need to explore different techniques as potential candidates. As discussed earlier, encouraging results for THz band are demonstrated using frontends based on photonic and electronic technologies. Using a 250 nm Indium Phosphide (InP) double heterojunction bipolar transistor (DHBT), [7] shows the transmission of 48 Gbps using 64-QAM/QPSK Direct-Conversion Transceiver Chipset. In [8] , a 40 nm CMOS transmitter is presented that uses 32-QAM to provide 17.5 Gbps per channel capability over six channels. A Gallium Arsenide GaAs-based 35nm metamorphic high electron mobility transistor (mHEMT) integrated transmitter and receiver designed using Monolithic Microwave Integrated Circuits (MMIC) is shown to provide a 64 gigabits per second (Gbps) point-to-point link at 300 GHz for a distance of 2 meters in [9] . Although MMIC based designs are more robust from a manufacturing perspective, their in-flexibility and lack of customization makes them unsuitable for research efforts where a number of system parameters need to be optimized. Whereas for experimentation purposes, it is very important that the system customizable such that a single component block can be easily replaced or modified, unlike the case with MMICs. Therefore, in this work, we provide a fully customizable transceiver design that is capable of operating with a 20 GHz bandwidth. The design uses state-of-the-art discrete components such as WR2.8 subharmonic mixer (SHM) to operate in THz band. Full transceiver design is discussed and simulations based on the components characteristics are performed to achieve first pass success. The results for single-tone analysis, two-tone analysis, phase noise, receiver noise and receiver gain are discussed. Simulation results show that the transceiver operates reliably at 2 meters and provides data rates of up to 90.31 Gbps. The transceiver design can be further modified with ease to operate with a 40 GHz bandwidth.
The remainder of this paper is organized as follows. In Section II, we discuss the design and selection of components for the transceiver. Section III describes the simulation results for the first pass success of our design. Finally, we conclude the paper in Section IV.
II. TRANSCEIVER DESIGN To achieve high throughput from the bandwidth available in the THz band, an ultra-wideband frontend is required. The huge path loss in the band limits communication distances to only a few meters and also requires highly directive antennas to transmit the limited power generated from solid-state electronics. Therefore, during the design of the transceiver, our goal is to select ultra-wideband components that would provide at least 20 GHz of bandwidth and operate for a minimum distance of 2 meters.
To get an estimate of the characteristics of the required components, we first calculate noise floor values and the expected channel path loss for 20 GHz Bandwidth and a 2 meters channel length. The Jhonson noise power for a bandwidth (B) of 20 GHz in a wideband channel is calculated as −79.96 dBm using,
where, k = 1.38 × 10 −23 J/K is Boltzmann's constant and T is the noise temperature in Kelvin. To predict the path loss, we use the free space path loss (FSPL) expression given as,
where, d is distance in meters and f is frequency in Hz. For a distance of 2 meters and a frequency of 300 GHz, the F SP L is 88 dB. This dictates that either we provide high output power at the transmitter or use components that can overcome the path loss. For the first option, if we consider a margin of 15 dB (10 dB receiver NF and 5 dB for antenna misalignment), the minimum detectable signal at the receiver would be −64.96 dBm and this suggests that the output power of the transmitter must be higher than +23.04 dBm (provided 88 dB FSPL), which is not a good choice because of its high value. Alternatively, a benefit of high frequency is a small effective aperture that can provide high gain. This is because antenna gain is inversely proportional to the wavelength [10] . Hence, in our design we prefer using high gain antennas at the transmitter and the receiver along with state-of-the-art components that minimize receiver noise floor. A simplified block diagram of our design in shown in Fig. 1 . In a typical transceiver, a transmitter and receiver are housed together.
A. Receiver
We now discuss the components selected in our receiver design based on the requirements discussed in the preceding sections.
1) Antenna:
The significantly high loss at THz Frequency is fortunately overcome by the small sized high gain antennas [11] . The antennas used in our design is a pyramidal horn antenna with gain of 25 dBi and horn length of 21.4 mm. Whereas at the lowest frequency (260 GHz) it is 2 dB lesser and at the highest frequency (400 GHz) it is 1.5 dB higher. The half power beamwidth is 12°. The gain of our antenna, from 260 to 400 GHz, is shown in Fig. 2 .
2) Low Noise Amplifier: The receiver requires high sensitivity, which is typically influenced by its initial components and hence there should be minimal thermal losses at the input. Low noise amplifiers are designed to meet this criterion by matching the transistor's input for optimum NF while the output is conjugately matched to the system impedance (usually 50 ohms) for maximum gain and return loss. For a robust production, a low noise amplifier is usually designed using a transistor model and it is sufficient to use a linear [12] . The noise input power is modeled by a resistor where its thermal agitation acts as noise [13] . Transistor technology selection is a critical parameter and for low noise devices, pseudomorphic HEMT (pHEMT) is the most popular technology due to its low NF and high gain, however, at the expense of cost. mHEMT, on the other hand, combines performance of the pHEMTs and affordability of GaAs process. Therefore, the transceiver design is based on InAlAs/InGaAs based mHEMT technology fabricated by a 35 nm process. Initial design of the LNA is discussed in [14] and an improved version that provides small signal gain of 25 dB from 220 to 325 GHz with a NF of 7.2 dB is described in [9] .
3) Mixer:
To process the information in the modulated signal, it is necessary to down convert the signal to a band that can be digitized and processed easily. Heterodyne receivers that employ a mixer which multiplies the two input signals, namely the RF and the local oscillator (LO), and outputs the sum or difference intermediate frequencies (IF) are commonly used in such cases. For communication in 300 GHz band, the required LO signal needs to be at very high frequency, however, due to the cost and difficulty of providing high frequency LO signal, subharmonic types of mixers are generally used that require N times smaller LO frequency (where N ≥ 2).
Usually planar Schottky diodes are preferred as they exhibit better reproducibility, operation at room temperature and enable the integration of several diodes in balanced or antiparallel configurations [15] , [16] . Hence the mixer used in our system is WR2.8SHM by Virginia diodes, that operates in 260 to 400 GHz band with an LO input frequency of 130 to 220 GHz. The mixer exhibits double side band (DSB) equivalent noise temperature between 800 and 1500 Kelvin. We calculate the mixer NF using NF = 10log(1+T e /T 0 ). Where T e is the equivalent noise temperature and T 0 is the room temperature (290 K). Considering 1000 K equivalent noise temperature in the required band, this comes out to be 6.48 dB. With a 3 to 6 dBm of LO power, typical DSB conversion loss is 9 dB and optimal IF input power is −10 dBm. A DSB type mixer is used without any input image rejection and thus both bands are equally propagated.
4) LO Signal:
The LO signal of the mixer is the driver signal that has a switching impact. The drive power level has direct impact on the performance of the mixer. Since the selected mixer, WR2.8SHM is a subharmonic mixer, the required LO frequency is from 130 to 200 GHz with a power range of 3~6 dBm. To generate such a high frequency signal with considerable power, we designed a multiplier amplifier chain (Fig. 1) where required input signal frequency range is 25 to 35.5 GHz. This signal can be easily generated using any available frequency synthesizer with low phase noise. For this purpose we used, MG3690C by Anritsu whose output power is up to +6 dBm and phase noise characteristics are given in the Table I [17]. The generated signal is then amplified using Ka band ERZ-HPA-2300-3700-27 power amplifier by ERZIA, which is shown as AMP1 in Fig. 1 . The saturation power of the amplifier is 27 dBm and the gain is 21 dB. The output of the amplifier is fed to the frequency doubler, SFP-152KF-S1. Since this is a passive X2 frequency multiplier, the required input power is very high but can be provided by the amplifier preceding this multiplier.
The output signal frequency of the multiplier is 50 to 75 GHz provided by WR-15 waveguide with the output power of +5 dBm. Before further multiplication, this signal is amplified using QPW50662315 power amplifier by QuinStar Technology Inc, shown as AMP2 in Fig. 1 . It operates from 50 to 66 GHz and provides a gain of 15 dB with 1 dB compression point at 23 dBm. The signal after amplification is fed to passive X3 frequency multiplier WR5.1x3HP by Virginia diodes Inc, that has 3% efficiency. The input signal power should be at least 18 dBm to compensate for the multiplier losses of approximately 15 dB and thus provide the LO signal to the mixer with the required minimal power. This output is fed to the LO port of WR2.8SHM mixer.
5) Driver Amplifier:
The IF signal generated by the mixer is a down-converted signal that is amplified before digitization for better receiver gain. The amplifier used is DBLNA500013000A from DBWave Technologies, that operates from 0.01 to 30 GHz range with the NF of 4.5 dB. The gain of the amplifier is 35 dB with a 1 dB compression point at 28 dBm.
The signal generated at the amplifier's output is ultrawideband and to capture the signal we used state-of-the-art real-time oscilloscope (RTO) DPO72304SX by Tektronics, that features sampling rate of 100 GSps with an analog bandwidth of 23 GHz.
B. Transmitter
The block diagram of transmitter is shown in Fig. 1 . The LO signal generation for the transmitter is same as the receiver. RF path power amplifier is not used in the design for simplicity and because of the fact that the link is being designed for short distances. High speed signal generation is an intricate issue and it is resolved by using state-of-the-art M8195A 65 GSaps Arbitrary Waveform Generator from Keysight that provides analog signal bandwidth up to 25 GHz.
The saturation power of the WR2.8SHM is −10 dBm and hence the IF port power is limited to this value. Due to 9 dB mixer conversion loss, the maximum output power of the mixer is calculated as −19 dBm. To overcome high path loss, antennas used in our design are 25 dBi each at the transmitter and the receiver. 
III. RESULTS
To ensure first pass success of our design, we performed necessary system design simulations to evaluate the transmitter and the receiver. The lower limits for the effectiveness of a system are established by the noise. In principal, three main parameters that establish the performance of a wireless link are: dynamic range, sensitivity and selectivity. The first two are dictated by the receiver NF and linearity characteristics while selectivity is dictated by the phase noise contribution by the oscillator [18] . The linearity performance of the receiver is determined by performing single-tone and two-tone analysis. To analyze selectivity, we perform single sideband phase noise measurements and discuss our results. Finally, we show the receiver gain and the NF of the receiver.
A. Single-Tone Analysis
In this analysis, the performance of the proposed transceiver is analyzed for a single-tone input signal. We apply a 2 GHz signal with −10 dBm power to the IF port of the WR2.8SHM mixer. This analysis measures the power signal spectrum at the output of mixer. Due to the DSB nature of the mixer, the output spectrum contains the upper sideband signal of 302 GHz and lower side band signal of 298 GHz with output power of −19.114 dBm each, as shown in Fig. 3 . The carrier frequency of 300 GHz can also be seen with output power of −23.58 dBm. This signal is passed through a channel model where at a distance of 2 m provides 38 dB of pathloss (considering antenna gain of 25 dBi each at Tx and Rx).
The transmitted signal is then fed to the receiver and is downconverted by the mixer after amplification. This baseband signal is amplified using a driver amplifier and the output spectrum is shown in Fig. 4 . This signal is fed to the high sampling rate oscilloscope for signal processing. Several mixing products are observed in the baseband spectrum, however, the highest spurious signal is at least 60 dB below the required signal, which is much higher than the rule of thumb of 30 dBc and hence can be ignored. ! " Fig. 4 : Baseband output spectrum of the receiver when excited by the DSB signal.
B. Two-Tone Analysis
Non-linearity in the transfer function of receiver can be problematic for the communication system as the modulated signal is distorted causing difficulty in information retrieval. One of the main contributors that cause non-linearity are the amplifiers because when the device enters its compression region, the non-linear effects start to become apparent [19] . Two-tone analysis is a popular technique in which nonlinearity of the circuit is determined by finding the carrier to intermodulation ratio (C/I) that is defined as the ratio of useful component output power to the intermodulation distortion (IMD) output power [13] . In this technique, more than one carrier frequency with slight frequency spacing are applied to the circuit resulting in multiple sidebands due to the mixing that is introduced by the non-linear behavior of the device. Usually third order intermodulation products (IM 3) appearing at 2f 1 − f 2 and 2f 2 − f 1 are the major source of distortion and are sufficient to predict the device performance.
IM 3 of the proposed receiver is analyzed by applying input signals centered at 302 GHz with tone spacing (Δf ) 2 MHz and calculating the ratio of intermodulation products and the carrier given by the following equation, IM 3(dBc) = 10 log P 2f2−f1 P f2 = 10 log
The output spectrum of the receiver, when excited by two input signals of −32.5 dBm with tone spacing (Δf ) 2 MHz, is shown in Fig. 5 . The calculated C/I with these conditions is −30.69 dBc. This shows that our proposed transceiver design enters into non-linear region for an input power greater than −29.5 dBm that appears for inter-transmitter-receiver distances smaller than 8 cm.
C. Phase Noise Analysis
Phase noise is a key parameter in determining the minimum frequency spacing required in between adjacent channels. It is primely generated by the signal generator, which is usually low for highly stable signal synthesizers, however, the amplifiers in the system might increase the phase noise leading to performance degradation. To get an insight of the selectivity of our receiver, we performed phase noise analysis. The results in Fig. 6 shows that the phase noise initially decreases with the slope of 30 dB/decade and after 100 KHz, it gets below −80 dBc. To illustrate this further, consider an example in which received power is −57 dBm at distance of 2 meters, while the noise floor of the receiver is −79.96 dBm. The signal to noise ratio for this particular example is calculated as 22.96 dB. On the other hand, it can be seen from the Fig. 6 that, at 10 Hz offset from the carrier, the phase noise is 27 dB below the carrier. Thus, for this particular case, the adjacent channel separation is suggested to be at least 10 Hz. However, for better compatibility, the recommended separation is 100 KHz. This separation will ensure that the interference in adjacent channels remain minimum.
D. Receiver Gain and Noise Figure
Another important parameter to determine is the overall receiver gain and NF. This helps in determining the minimum detectable signal by a receiver. Based on the gain, loss and compression of components in the receiver chain, ratio of output power to the input power is calculated to determine the receiver gain. The NF of the system is calculated based on the NF and gain of each component. It should be noted here that the NF is dominated by the first few components in the chain and once the desired signal is amplified well above the noise of the following components, their impact in increasing the signal noise is minimized. Results in Fig. 7 and Fig. 8 show that the receiver gain is higher than 51 dB whereas the NF is 9.56 dB, respectively. The receiver gain results are shown for an inter-transmitter-receiver distance of 2 m. This suggests that the minimum detectable signal for our receiver is −70.4 dBm. Hence for the distance of 2 m, the receiver signal to noise ratio is 13.4 dB. Using Shannon's capacity formula, we determine the capacity of the proposed system as 90.31 Gbps. The link budget is summarized in Table II . While the performance comparison of our system is shown in Table III .
IV. CONCLUSION
In this paper, we propose a broadband transceiver design for 300 GHz band wireless communication based on discrete components that may be used in future IoT applications. We use low cost industry ready components that can be easily modified based on application specific requirements. The proposed transceiver provides a bandwidth of 20 GHz making it a good candidate for exploring wide band channel capabilities around the 300 GHz frequency band for 5G applications of IoT. Component parameters are used to simulate the system design to ensure first pass success. Linearity, noise and selectivity characteristics of the system are analyzed based on single-tone, two-tone, receiver gain, noise figure, and phase noise analysis, which provides detailed insight of our proposed system. Finally, it is shown that our system is capable of providing 90.31 Gbps data throughput at 2 m. Future work includes analysis of digital data transmission on the proposed transceiver to determine practically achievable data rates.
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